The limited availability of fossil fuels has encouraged the need of replacement fuels of renewable nature. Among the renewable fuels, biodiesel produced from oil seeds and food wastes has been favored by the majority of researchers. In this study, Tectona Grandis seed oil has been investigated as a non-edible feedstock for biodiesel. The oil content of seed is 43% which makes it suitable for commercial production of biodiesel. The synthesis of biodiesel from T. Grandis oil was done with transesterification reaction giving high percentage yield of biodiesel which reached to 89%. The T. Grandis biodiesel was subjected to determine various physicochemical parameters by standard testing methods and found in agreement with the ASTM D-6751 and EN-14214 standards. The fatty-acid methyl ester composition for the biodiesel is composed of 42.71% oleic acid, 13.1% palmitic acid, and 31.51% linoleic acid. The biodiesel showed low oxidation stability which is attributed to high percentage of unsaturation. To address this issue, synthetic antioxidants were added to increase its resistance towards oxidation. By considering all the parameters, the present study reveals that T. Grandis seed oil is reliable for the production of biodiesel with encouraging probability in future.
inTrODUcTiOn
The energy generated from the combustion of fossil fuels has indeed enabled many technological advancements and social-economic growth. However, the increasing demand of energy and environmental concerns arising due to the use of traditional fuels has become a threat to the sustainability of our ecosystem and sparked the need of energy sources of limitless duration with a smaller environmental impact. Biodiesel falls in the category of such fuels of renewable nature (Hu et al., 2004; Gui et al., 2008; Ullah et al., 2014) . To address the issues related to pollution with petro-based fuels, Government of India has taken steps toward usage of biofuels. In this context, the Ministry of New and Renewable Energy has proposed 20% blending of transportation fuels, namely, diesel and petrol with bioethanol and biodiesel as a national biofuels policy by (Government of India, 2009 . However, the contribution of energy from biomass has been estimated as one fourth of global energy by 2050 (Hossain and Davies, 2013) .
The role of feedstock is significant for the characteristics and cost of any biodiesel. The possible feedstock for biodiesel production broadly categorized as edible and non-edible. Edible feedstocks such as soybean, palm, and sunflower are considered to be first-generation biodiesel feedstock because they were the first crops to be used to produce biodiesel and non-edible feedstock such as jatropha, mahua, jojoba oil, salmon oil, sea mango, waste cooking oils, and animal fats are considered to be the second-generation feedstocks (Najafi et al., 2011; Sarin, 2012) . The emerging work on feedstock for the biodiesels includes camelina, Hevea brasiliensis and Ricinus communis, Virginia-type peanut, Moringa oleifera, etc., reflects the need to explore other feedstock which can show compatibility with environment, farming, cost, and food security of any nation (Fernandes et al., 2015; Silitonga et al., 2016; Silveira et al., 2016; Yang et al., 2017) . Among various alternative feedstocks, the most studied and employed feedstock in India is Jatropha curcas but its commercial viability is transient (Contran et al., 2013) . In order to provide versatility in the formulation of biodiesel, it is necessary to explore more alternate feedstock to establish a concrete approach toward energy sector. The present research work is an attempt to investigate the potential of Tectona Grandis (TG) seeds as feedstock for biodiesel. Tectona Grandis, commonly known as Jatus Grandis, Teak, or Sagwan, is a large, deciduous tree in favorable conditions. It can survive under a broad range of climatic ambiance. It grows best in a warm, moist, tropical climate with a significant difference between dry and wet seasons. It is native to India, Indonesia, Myanmar, and Southeast Asian countries (Keiding et al., 1986) . It is emerging as one of the important species of tropical plantation forestry. The cultivation of TG supports the ecosystem by beautifying the environment, aerating the atmosphere, and preventing erosion. Wood from this tree has been used in the formation of charcoal and fuel wood since a long time (Kjaer et al., 1995) . Many reports have claimed the medicinal use of leaves and fruit of TG tree. The authors performed an experiment to obtain the biodiesel from the oil of non-edible TG seeds, which has never been undertaken before. The sustainable production of vegetable oil for biodiesel production from a tree crop such as TG, which can be cultivated on marginal land, has the potential to not only provide a renewable energy resource but also may alleviate the competitive situation that exists due to food versus fuel issue, and it further ensures the utilization of every part of plant to furnish the economic viability (Singh et al., 1996; Akmal and Karvekar, 2010) . The mission of Indian Government is to put focus on progressive blending and substitution of fossil fuels such as petrol and diesel with greener fuels like biodiesel. Therefore, keeping such missions on priority and to support the growth of bioenergy sector, authors have undertaken studies to assess the prospective of tree-borne non-edible oil from TG seeds, as a feedstock for biodiesel. Although there are numerous publications on various feedstocks for biodiesels along with their storage conditions, stability, and effect of antioxidants, none is available on TG biodiesel. This study aims to investigate the potential of TG oil as feedstock for biodiesel. This paper also focuses on factors to enhance the oxidation stability of tectona methyl ester (TME).
MaTerials anD MeThODs

Materials
Tectona Grandis seed kernels were collected from campus of Amritsar College of Engineering and Technology, Amritsar (India) which have been dried and grounded for better oil extraction. All chemical reagents purchased from Sigma-Aldrich were of analytical grade.
Oil extraction
The grounded specimen was put in a soxhlet extractor having n-hexane as solvent. It was kept for 6-7 h. The obtained oil was then treated to reflux the hexane at 65-70°C and brownish teak seed oil was recovered for further studies (Fernandez et al., 2015) . After extraction of oil from seeds, acid value and free fatty-acid content of oil has been investigated to follow feasible transesterification criteria. The percentage of oil yield was calculated by using the following formula:
Oil yield in % weight of oil extracted weight of kernels u ( )= s sed ×100.
Transesterification for Biodiesel Production
Biodiesel from crude TG oil was carried out by transesterification process, involving reaction of oil with methanol under reflux conditions (Chen et al., 2012; Lin et al., 2014) . Homogeneous transesterification process was performed after investigating the free fatty-acid content of TG oil which was less than unity. Methanol (1:6 M ratio to oil) was separately added to the sodium methoxide as catalyst (0.75 wt% of oil) and stirred until the complete dissolution of catalyst in methanol (KoohiKamali et al., 2012) . The above-stirred solution was added to TG oil in reactor and the reaction temperature was set at 65°C. The stirring of mixture was carried out for 1 h at 400 rpm. After completion of the reaction, the material was transferred to separating funnel and kept overnight to settle down, which results in the formation of two phases. Upper phase was tectona methyl ester (biodiesel) and lower part was glycerin. TME was then washed with warm water four to five times to remove the traces of glycerin, unreacted catalyst, and soap formed during the transesterification (da Silva et al., 2017).
Physicochemical Properties and Fattyacid Methyl ester composition
To check the feasibility of TME as an alternative fuel, its fatty-acid methyl ester composition and physiochemical properties were analyzed as per ASTM D-6751 and EN-14214 specifications (Sarin et al., 2010; Lane et al., 2012) . The synthesized TME was tested for physicochemical properties such as acid value, viscosity, cetane number, oxidation stability, calorific value, cold flow properties, flash point, iodine value, density, refractive index, and other considerable characteristics by standard methods. Acid number or neutralization number is a measure of the amount of free fatty acids contained in a fresh fuel sample. It is indicated in milligram KOH required to neutralize 1 g of FAME. The sample is dissolved in a mixture of toluene and propan-2-ol containing a small amount of water and titrated potentiometrically against KOH. , respectively. The oxidation stability of biodiesel was studied by using 893 professional Biodiesel Rancimat equipment (Metrohm, Switzerland) according to the EN-14112 and ASTM D-6751 specifications. The other considerable physicochemical properties were characterized by standard methods. Although the biodiesel prepared from TG oil meets most of the specifications, it is failed to meet oxidation stability standard of 6 h specified by EN-14214. This issue was addressed by blending biodiesel with synthetic antioxidants to increase its resistance to oxidation. The study examined the efficacy of four synthetic antioxidants added in different levels of concentration: namely, butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), tert-butyl hydroquinone (TBHQ), and 2,4,6-tri-tert-butylphenol (TBP; Almeida et al., 2011; Rizwanul et al., 2014) . The oxidation stability of TME was studied with Rancimat after blending with four different antioxidants (Knothe, 2001; Cremonez et al., 2016) . However, the fatty-acid methyl ester composition of TME was determined on a gas chromatograph (GC) equipped with a flame ionization detector (FID) and a glass column 3.1 m × 2.1 mm with a temperature range of 150-250°C, using nitrogen as a carrier gas and di(ethylene glycol) succinate column (DEGS) by preparing the corresponding fatty-acid esters and comparing them with standard fatty-acid ester samples (Ghanei et al., 2011; Bezzera Mota Gomes Arruda et al., 2016) .
resUlTs anD DiscUssiOns
The oil content of TG seed is around 43% which makes it suitable for commercial production. However, the biodiesel yield produced after transesterification of oil has been found to be 89%.
characterization of Tectona Grandis Biodiesel
The yield of extracted oil was determined and expressed as extracted oil per 100 g of seeds. The fatty-acid composition of TME determined by GC is summarized in Table 1 . The obtained biodiesel has 42.71% oleic acid, 13.1% palmitic acid, and 31.51% linoleic acid, which makes it suitable for commercial production of biodiesel. The high content of unsaturation keeps a balance between its cold flow properties and oxidative stability.
The important characteristics determined for TME along with raw oil and mineral diesel as per ASTM D-6751 and EN-14214 specifications are summarized in Table 2 (Tripartite Task Force, 2007; ASTM D-67511b, 2011) . Many of the properties were determined in triplicate and SD for those has been reported in the tabulated data. Most of the physicochemical properties tested for TME, such as acid value, viscosity, cetane number, calorific value, cold flow properties, flash point, iodine value, and density, meet the recommended limits as per standard testing methods ASTM D-6751 and EN-14214. However, the oxidation stability for TME was found to be 3.43 h meeting the antioxidants. As a result, TBHQ offers more sites for the formation of complexes between free radical and antioxidant radicals for lipid stabilization.
cOnclUsiOn
The adoption of fuels can be assessed in the shadow of various aspects which includes environmental impact, food issues, use of land, sustainability, and cost factor. Implementation of biodiesel from TG will lead to many advantages such as providing greenery, support to agricultural economy, reduction in dependency on imported crude oil and reduction in air pollution. The oil content of seed is 43% and biodiesel yield is 89% which makes TG seeds suitable for commercial production of biodiesel. However, the quality of any biodiesel is affected by a large number of parameters such as as fatty-acid methyl ester composition, physicochemical characteristics, and extent of oxidation. The determination of fatty-acid methyl ester composition of TME and other physicochemical characteristics of TG were carried out and found to meet the necessary limits. The fatty-acid methyl ester composition for the biodiesel is composed of 42.71% oleic acid, 13.1% palmitic acid, and 31.51% linoleic acid. Due to high content of unsaturation, the obtained biodiesel showed low oxidation stability. To address this declination, synthetic antioxidants were added to enhance the oxidation stability and oxidation stability was increased to 8.47 h when TBHQ was added at 300 ppm concentration. By considering all the parameters, the present study reveals that the TG seed oil has attractive prospective in the near future for production of biodiesel. Further studies are still needed to develop a large-scale production of biodiesel.
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AS contributed to the design of the study, drafted the manuscript, and wrote the manuscript. MS performed the experiment, contributed to the data collection, and wrote the manuscript. NS analyzed and interpreted the data and wrote the manuscript. NPS contributed to the design of the manuscript and wrote the paper. acKnOWleDgMenTs minimum limit of 3 h in accordance with recent ASTM D-6751 but failed to meet standard value of 6 h specified by EN-14214. The poor resistance to oxidation attributed to a large percent of unsaturation in the fatty-acid chain. The features of TME except oxidation stability characterize the suitability of this crop for biodiesel production, which reflects a good prospective of TG as a feedstock for biodiesel.
effect of antioxidants on the Oxidation stability of TMe
Tectona methyl ester showed a poor oxidative stability due to a high-unsaturation degree in fatty-acid profile. Adding synthetic antioxidants is a common practice in the biodiesel industry to ensure satisfactory biodiesel oxidative stability. In the current study, four antioxidants BHA, BHT, TBHQ, and TBP, were doped at different fills (50, 100, 150, 200, 250 , and 300 ppm) in TME and Rancimat test was conducted to study the effectiveness of these antioxidants. Figure 1 shows the effect of antioxidants on the induction period of biodiesel. The oxidation stability of TME is increased by the dosage of four artificial antioxidants blended in different extent. TBHQ in 300 ppm concentration added to TME showed OS of 8.47 h and is considered as most effective among all other additives which can be explained on the basis of its chemical structure. TBHQ contains more -OH groups attached to its aromatic ring as compared with other employed
